Overview
TRAK Ceramics, Inc. produces a wide range of low loss dielectrics commonly used in conjunction with ferrite circulators, isolators, and phase shifters. Some are available as substrates for thin and thick film circuits or for high Q capacitor applications. Dielectric constants (ε') span from 4.5 to well above 100. Ceramics with low dielectric constants from 4.5 to 10 often are required as supports for our advanced dielectric resonators.
Thermal expansion and thermal conductivity for any given dielectric material cannot be varied significantly without altering the favorable electrical properties. The vast majority of all structural and e l e c t ronic ceramics conduct heat very poorly. However, alumina (Al 2 O 3 , ε'= 9.5) is a modest conductor. Interestingly, it's temperature coefficient of ε' which is approximately +115 ppm/°C can be adjusted to near 0 ppm/°C. Magnesia (MgO, ε'=10) exhibits outstanding thermal conductivity combined with very high thermal expansion which matches more closely with that of metals. Thus, it is made available only as single crystal substrates to obtain enhanced performance.
Dielectrics with ε' ranging from 4.5 to about 6 are typically based on magnesium aluminum silicate and magnesium silicate compounds, respectively. Dielectrics with ε' in the 13 to 16 range are based on the compounds Mg 2 TiO 4 and MgTiO 3 . Several routes can be followed to obtain low loss ceramics with ε'> 16. CaTi O 3 s h o w s relatively modest loss but has a high ε' (150 -160) and a very large, negative temperature coefficient of ε' ( a b o u t -1600 ppm/°C ). In turn, CaTi O 3 is chemically compatible with both Mg 2 TiO 4 (ε'~13) and MgTiO 3 (ε'~16). Note that the magnesium titanates have moderately positive temperature coefficients of ε'. Thus, composite ceramics composed of Mg 2 Ti O 4 plus CaTi O 3 can cover ε' from 13 to about 150 at any desired value while composites of MgTi O 3 plus CaTi O 3 cover almost the same range, 16 to about 150. What has escaped both suppliers and users of such products over the years is that at some CaTiO 3 content in both series the t e m p e r a t u re coefficient of ε' must traverse from positive t h rough zero before becoming negative. For MgTiO 3 /CaTiO 3 composite ceramics, this occurs at ε'~20-21. This particular temperature compensated ceramic is now standard for patch antennas and for coaxial resonator and filter applications.
Low loss ceramics covering ε' from about 37 to about 100 also can be produced from barium titanates. Typically, the low end of the series is the compound, BaTi4O 9 . Small increases in the TiO 2 content yield B a Ti4O 9 / B a 2 Ti 9 O 2 0 ceramic composites or pure Ba 2 Ti 9 O 20 . However, the ε' remains in the 37-39 range and temperature coefficient of ε' remains very small but slightly negative. The region, ε'~ 3 9 -1 0 0 , is characterized by ceramics consisting of Ba 2 Ti 9 O 20 plus TiO 2 . Both ε' and temperature coefficient of ε' rapidly rise in magnitude with increasing TiO 2 (ε'=100) content.
Temperature Compensated Dielectrics
This family of advanced dielectrics is characterized by high dielectric constants that are independent of useful f re q u e n c y, high Q which is a function of fre q u e n c y, and very low, but adjustable, temperature coefficients of resonant fre q u e n c y, ε' and capacitance. High ε' permits miniaturization of substrates, antennas, re s o n a n t circuits, metal cavities, filters, and capacitors. Drift in frequency due to environmental fluctuations and/or to circuit heating is effectively eliminated by the small coefficients. High Q assures low insertion losses, especially for high power applications.
The cutting edge of science, technology, and m a n u f a c t u re of these remarkable ceramics has been advanced systematically by TCI engineers since the early 1 9 7 0 's. Te m p e r a t u re compensated dielectrics with excellent Q but low ε'(10-21) are produced as three types of composites. The first (ε'=10) is based on alumina (Al 2 O 3 ) and features modest thermal conductivity and small thermal expansion. The second is based on MgAl 2 O 4 (ε'=10) which features ease of control over the t e m p e r a t u re coefficient and ease of machining. The last is a MgTiO 3 /CaTiO 3 composite (ε'=21) that allows for a size increase or decrease as needed for a given frequency.
The development of high ε' and high Q dielectrics with near zero ppm/°C temperature coefficient of ε', frequency, or capacitance has been driven largely by empirical studies and practical experience based on sound principles of solid state chemistry. While very rough approximations are available to predict ε' for any combination of cations and anions in a stable or postulated configuration at the atomic level, there has been minimal progress in predicting Q and especially t e m p e r a t u re coefficients. To complicate matters, intrinsic Q of a crystalline material can be masked by impurities brought in from raw materials and/or from the processing. Typically, these degrade Q by forming lossy secondary phases and/or by creating lossy re g i o n s associated with pores and/or grain boundaries in the ceramic. TCI engineers, working with experts worldwide, have been demonstrating that high Q clearly depends on exactly how cations and anions are distributed within crystallites of a polycrystalline material over short and long distances measured in Angstroms (10 -6 cm) at the atomic level. Principles have been developed, impro v e d , and are being tested constantly to derive guidance for further advances and improvements in product.
Once high ε' and Q are proven using theory, practical principles, and experiment, the next major hurdle is to tune the temperature coefficients via appropriate cation substitutions. Here, there is very little theoretical guidance despite recent, excellent work treating compounds having the so-called perovskite structure (e.g., CaTi O 3 , Ba 3 Ta 2 ZnO 9 , etc). Consequently, tuning is left to experience and experiment guided by the principles of crystal chemistry. Altern a t i v e l y, temperature coefficients can be tuned by producing ceramic composites containing crystalline entities in correct p roportion that have coefficients of opposite sign (without degrading ε' and Q). Finally, these demanding ceramics re q u i re levels of homogeneity that are not easily obtained via the conventional processing routes used by most suppliers. TCI uses proprietary mixing and gelling methods to manufacture reproducible product.
T C I engineers expect to work with designers to maximize and improve the properties of existing materials, as well as, to develop new materials for present and advanced applications. In addition, we welcome proprietary and confidential collaborations that re q u i re development of frequency tuning, attachment of supp orts, and therm al m anagement design methodologies.
Introduction to Dielectric Resonators
Ceramic dielectric resonators have been used in place of metallic resonant cavities in RF and microwave circ u i t s for several decades. Their widespread use, however, was delayed until the 1970's when the first low loss, temperature stable, high dielectric constant ceramic material was developed. Since then, many new and i m p roved materials that exhibit a wide range of dielectric constant, extremely low loss, and excellent temperature stability have been developed. TRAK Ceramics, Inc. engineers are recognized pioneers in every major breakthrough in this material technology [1] [2] [3] [4] [5] [6] . Typical applications for these new ceramic dielectric re s o n a t o r s include cellular telephones (PCS and GSM), satellite television receivers (TVRO and DBS), Global Positioning Systems (GPS), m i c rowave oscillators, filters, speed guns, radar detectors, motion sensors, and transmitters.
Properties of Dielectric Resonators (DR's)
One significant advantage of using DR's is that the high dielectric constant (ε' or K) values of the ceramic aff o rd size reduction of the circuit approximately equal to the square root of the ceramic's ε' value. Therefore, a resonant circuit using a dielectric material with a ε' of 36 can be ~6 times smaller than an equivalent circuit w h e re an air filled resonant cavity is employed. A suitable first order working equation relating the dielectric resonator diameter (D r ) and resonant frequency (ƒ o ) to the ceramic ε' is:
where D r is the resonator diameter in inches, ƒ o is the frequency in GHz, and ε' is the material dielectric constant.
Additionally, the high ε' of the ceramic confines most of the electromagnetic fields within the re s o n a t o r, which virtually eliminates radiation losses. This property combined with modern ceramic materials which exhibit very low intrinsic losses give the user an extremely high Q circuit element which reduces power drain and heat build-up while greatly improving insertion loss, filter selectivity, and interference from spurious modes. To further improve circuit Q, the metal resonator enclosure should be at least two times as large as the resonator itself.
Temperature stability is another significant advantage of ceramic dielectric resonators. The resonant fre q u e n c y of a circuit will tend to shift over temperature as a re s u l t of environmental factors such as the size and linear thermal expansion coefficient of the metal DR enclosure, the position of the resonator within the e n c l o s u re, the type of resonator support, the t e m p e r a t u re dependence of other circuit elements, etc. This shift in circuit resonant frequency can be greatly offset by the DR's intrinsic temperature coefficient of resonant frequency (τ ƒ ). Each ceramic material type o ffers a wide range of DR temperature coefficient values expressed in parts-per-million per degree Celsius ( p p m /°C). The circuit designer can select a specific DR temperature coefficient that will help compensate for the natural resonant frequency shift of the circuit, there b y, creating a circuit with excellent frequency stability.
Coupling and Modes of Operation
An infinite number resonant modes in four different categories TE, TM, EH and HE may be excited in an unmetallized cylindrical dielectric resonator. However, in the majority of applications, the TE 0 1δ resonant mode is employed, and we shall limit our discussion to this mode. Designing with hybrid modes is attractive but has been neglected to date.
Dielectric resonators may be magnetically coupled to c i rcuits via a number of diff e rent methods. The coupling method of choice depends on several factors including the degree of coupling desired, the signal transmission medium employed (i.e. waveguide, coaxial cable, m i c rostrip line), and the desired mode of operation. The T E 0 1δ resonant mode is most effectively coupled by the use of bent coaxial probes or microstrip lines as shown in Figure 1 .
Figure 1 -Coupling Methods

Loop Coupling Microstrip Coupling
To prevent interference of the TE 01δ resonant mode by spurious modes, it is best if the DR's aspect ratio, or the ratio of DR thickness to DR diameter, is in the range of ~0.35 -0.45.
Resonant Frequency
Of primary importance to the user is the resonant frequency (ƒ o ) of the dielectric resonator. The ƒ o is dependent on the dielectric constant (ε') of the ceramic material, the physical size of the DR, and enviro n m e n t a l effects such as the size and shape of the metal DR enclosure, the position of the DR within the enclosure, the type of DR support, and the method of coupling.
Figure 2 -Resonant Test Fixture
When measuring ƒ o , TRAK Ceramics, Inc. typically employs a cylindrical metal test fixture that is a p p roximately 3-5 times larger than the DR to be tested (see Figure 2) . A low loss, low ε' material is used to support the resonator in the center of the fixture. A bent coaxial probe is used for coupling.
When a test fixture such as the one described above is employed and the DR aspect ratio is ~ 0.35 -0.45, the following equation may be used to estimate the TE 0 1δ resonant frequency of a given DR based upon its size and ε':
where ƒ o is the resonant frequency in MHz, D r is the resonator diameter in inches, T is the resonator t h i c k n e s s in inches, and ε' is the dielectric constant of the re s o n a t o r.
Resonant Frequency Tuning Methods
T h e re are several techniques that can be used to "tune" or change the resonant frequency of a DR and these a re illustrated in Figure 3 . One popular method involves changing the physical position of a metallic or dielectric "tuner" within the DR enclosure which in turn causes perturbation of the fringe electromagnetic fields existing outside of the DR. 
Metal Tuner Dielectric Tuner
If a metallic tuner is used, ƒ o will increase as the tuner approaches the DR; if a dielectric tuner is used, ƒ o will decrease as the tuner approaches the DR. A change in ƒ o of up to ~15% can be achieved using these methods. However, when using a metallic tuner, it is recommended that the tuning range be limited to only a few percent to avoid serious degradation of the Q-factor and/or temperature coefficient of the DR.
Another common method of frequency tuning DR's involves changing the physical size of the DR as p reviously discussed. Ty p i c a l l y, the diameter (and inside d i a m e t e r, if applicable) of the dielectric resonator is held constant within machining tolerances, and the thickness of the resonator is adjusted to compensate for small lot-to-lot and/or sample-to-sample ƒ o variations. Other machining methods, such as changing the DR's diameter or removing small quantities of ceramic from the resonator by scoring, drilling, slicing, or sanding, may also be employed. This method of tuning is often used when extremely tight ƒ o tolerances (±0.05% to 0.50%) are re q u i red. A virtually unlimited ƒ o tuning range may be achieved, and the Q-factor or temperature coefficient characteristics of the DR remain practically unchanged.
Frequency tuning without Q-factor or temperature coefficient degradation may also be accomplished on larger DR's by effectively increasing the overall size of the resonator by attaching small "tuning chips" or pieces of ceramic material to the DR with a low loss glue or epoxy. By varying the size of the added chip, one can incrementally vary the amount in which the ƒ o of the resonator is lowered. Additionally, ƒ o may be adjusted very slightly by varying the position of the tuning chip on the DR. Practical ƒ o tuning range is limited to minus 1 to 2%.
Mounting Considerations
When mounting a resonator to a ceramic substrate, dispense a small drop of low loss adhesive (i.e. thixotropic type adhesive -cyanoacrylic) to the center of the resonator. Each drop should be approximately .9mm in size for a .500' ' diameter re s o n a t o r. Take care not to apply excessive amount of adhesive, otherwise it may affect the performance. Larger resonators will need proportionally more adhesive for attachment. Place resonator lightly on substrate, align and then press firmly. Read adhesive manufacturers directions for further details.
Figure 4
Product Selection Choosing the correct TRAK Ceramics, Inc. product for your intended application is a multi-step process, which requires the user to consider many potential variables and product offerings. Our sales and engineering staff are available to assist in the selection process. If you have any questions, concerns or need additional help please contact our sales department for assistance. ). This exercise gives you the proper resonator size to order for frequency correlation purposes. Contact TRAK Ceramics, Inc. and ask for a sample based upon these calculations.
5
. M e a s u re the resonant frequency (ƒ o ) and temperature coefficient (τ ƒ ) of the correlation sample in your circuit. C o m p a re the measured frequency and τ ƒ to the desire d or target values for your circuit. Contact TCI and notify us of the following information: the TCI lot number, the material type, the sample size, the measured fre q u e n c y in your circuit, the desired or target frequency for your circuit, the measured τ ƒ in your circuit, and the desired or target τ ƒ in your circuit. Or, you may return the correlation sample to us with your frequency and τ ƒ information. Based on this correlation sample, we can usually provide a second iteration sample which resonates within 0.5% of your desired target fre q u e n c y and which will meet your desired τ ƒ .
6 . At TRAK Ceramics, Inc. we understand that the needs of each customer are unique, and we are committed to providing optimal solutions including custom p roducts for the most demanding re q u i rements. Please consult the factory for product selection if re q u i re d . [2] All dielectrics are > 95% of theoretical density and, therefore, absorption of moisture is nil. [3] Other materials available upon request. Please consult factory for details.
[4] Dielectric constant tolerance ± 5%.
[5] Dielectric loss is quoted at 6 GHz for material with dielectric constant >20.
[6] Dielectric loss is quoted at 10 GHz for material with dielectric constant ≤20.
TRAK Ceramics, Inc. offers conventional RF/microwave dielectrics that cover a broad range in dielectric constant while maintaining low loss and high density. These materials were developed for use as matching media in microwave ferrite devices, but are suitable generally w h e re a high dielectric constant, low loss material is re q u i red. They can be supplied in complex shapes and various sizes with precision dimensional tolerances.
As Fired Material Availability TRAK Ceramics, Inc. can manufacture a wide variety of shapes and sizes as fired. 
Bar Rod Dimension
Machined Parts
TRAK Ceramics, Inc. maintains a precision diamond grinding facility in Maryland to custom shape and size materials to customer specifications. Our expertise in producing low loss dielectric materials with tightly c o n t rolled electrical properties combined with pre c i s i o n machining is well suited to low cost, high volume c o m m e rcial applications. A variety of shapes and sizes a re off e red including disks, cylinders, triangles, substrates, bars, rods and others. Please consult the factory for details or send specification to TRAK Ceramics, Inc.
In addition, contract thick film metallization and assembly is available upon request. 
Other Applications
